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Subsynaptic structures such as bouton, active zone,
postsynaptic density (PSD) and dendritic spine, are
highly correlated in their dimensions and also corre-
late with synapse strength. Why this is so and how
such correlations are maintained during synaptic
plasticity remains poorly understood. We induced
spine enlargement by two-photon glutamate uncag-
ing and examined the relationship between spine,
PSD, and bouton size by two-photon time-lapse
imaging and electronmicroscopy. In enlarged spines
the PSD-associated protein Homer1c increased
rapidly, whereas the PSD protein PSD-95 increased
with a delay and only in cases of persistent spine
enlargement. In the case of nonpersistent spine
enlargement, the PSD proteins remained unchanged
or returned to their original level. The ultrastructure at
persistently enlarged spines displayed matching
dimensions of spine, PSD, and bouton, indicating
their correlated enlargement. This supports a model
in which balancing of synaptic structures is a hall-
mark for the stabilization of structural modifications
during synaptic plasticity.
INTRODUCTION
The remarkable competence of the nervous system to adapt,
learn, and form memories is considered to be based on ac-
tivity-dependent modifications of synaptic connections. It is by
nowwell established that functional activity-dependent changes
are paralleled by structural alterations (Engert and Bonhoeffer,
1999; Maletic-Savatic et al., 1999; Matsuzaki et al., 2004), but
it remains incompletely understood how these modifications
are interrelated and how the long-term preservation of memories
is accomplished in an inherently instable and constantly chang-
ing biological structure like the nervous system.
In the cortex and hippocampus, the majority of synapses con-
necting pyramidal neurons are located on dendritic spines and
synapse size is directly related to synapse strength (e.g., Matsu-
zaki et al., 2001; Murthy et al., 2001; Nusser et al., 1998; Takumi
et al., 1999). Furthermore, the size of different structural ele-
ments of these synapses is tightly correlated: the volume of
the presynaptic bouton, the pool of synaptic vesicles, the areas430 Neuron 82, 430–443, April 16, 2014 ª2014 Elsevier Inc.of active zone and postsynaptic density (PSD), and the volume of
the postsynaptic spine all go hand in hand (e.g., Arellano et al.,
2007; Harris and Stevens, 1989; Schikorski and Stevens,
1999). The alignment—and therefore correlated size—of active
zone and postsynaptic density is thought to be important for
the speed and efficacy of chemical synaptic transmission, but
otherwise the reason for the tight structural correlations remains
unknown.
This tight structure-function relationship implies that synaptic
plasticity, such as long-term potentiation or depression of
synapses, should also result in concomitant structural changes.
The first studies looking into structural changes associated with
long-term potentiation used electron microscopy to study syn-
aptic changes after plasticity induction at the population level.
These studies, however, yielded conflicting results (reviewed,
e.g., in Yuste and Bonhoeffer, 2001): in some experiments an
increase in the size of dendritic spines (e.g., Desmond and
Levy, 1983; Van Harreveld and Fifkova, 1975), PSD (e.g., Des-
mond and Levy, 1983, 1986), and pre- and postsynaptic apposi-
tions (e.g., Desmond and Levy, 1988) was demonstrated,
whereas in other experiments such changes were not observed
(e.g., Sorra and Harris, 1998). The advent of new imaging tech-
niques such as confocal and in particular two-photon micro-
scopy then allowed for performing chronic time-lapse imaging
before, during, and after plasticity induction. These studies
demonstrated clearly that strengthening of synaptic connections
is structurally accompanied by the enlargement of preexisting
dendritic spines and/or the formation of new spines (e.g., Engert
and Bonhoeffer, 1999; Hosokawa et al., 1995; Kopec et al., 2007;
Maletic-Savatic et al., 1999). More recently, at the level of
individual identified synapses, it has been confirmed that func-
tional potentiation is indeed accompanied by a tightly correlated
increase in spine size (e.g., Harvey and Svoboda, 2007; Matsu-
zaki et al., 2004).
The above-mentioned correlation of different subsynaptic
components suggests that changes in spine size should further-
more be accompanied by modifications in structures, such as
the PSD, the active zone, the presynaptic bouton, and alike.
However, at the level of individual, stimulated synapses, there
is only limited information about the plasticity and activity-
dependent changes of these subsynaptic structures. For
example, in contrast to the expectation of a parallel enlargement
of spine and PSD, it has been reported that PSD-95, a major
structural protein of the PSD, is not accumulating after induction
of spine enlargement (Steiner et al., 2008).
Furthermore, whereas the mechanisms and signaling cas-
cades underlying spine plasticity and glutamate receptor
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Figure 1. Labeling of Synaptic Structures
and Correlation between Spine Volume
and PSD Size
(A) Images of dendritic segments from pyramidal
cells expressing tdTomato alone, tdTomato +
PSD-95-EGFP, and tdTomato + EGFP-Homer1c.
Scale bar, 2 mm.
(B) Spine volumes of cells expressing the proteins
described in (A) (tdTomato, n = 51 spines/10 cells;
PSD-95, n = 51 spines/13 cells; Homer1c, n = 50
spines/9 cells). Spine fluorescence data were
normalized to fluorescence in a thick dendritic
segment.
(C) Correlation of PSD-95 and Homer1c level with
spine volume; values for individual spines were
normalized to mean of all spines on dendritic
segment. R = correlation coefficient, p = signifi-
cance of correlation.
See also Figure S1.
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now and Malenka, 2002; Murakoshi and Yasuda, 2012), the
mechanisms ensuring the stabilization of structural synaptic
modifications have received less attention. Studies on structural
plasticity have so far mostly focused on the stability of synapses
and spines in terms of their persistence versus elimination
(reviewed, e.g., in Yoshihara et al., 2009), but not the stability
of synapse size and strength (but see Govindarajan et al.,
2011). There are models describing how synaptic strength is
maintained in terms of the number of postsynaptic neurotrans-
mitter receptors, in particular glutamate receptors, where the
PSD provides slots for insertion or retention of receptors (re-
viewed, e.g., in Opazo et al., 2012). However, these models sim-
ply assume a fixed, stable PSD scaffold and thus do not address
the structural stability of synapses.
Here, we used a combination of two-photon time-lapse imag-
ing, two-photon glutamate uncaging, and ultrastructural recon-
struction to examine whether and how—along with the spine—
other subsynaptic structures, in particular the PSD and presyn-
aptic bouton, change during synaptic potentiation. We found a
close correlation between the enlargements of all synaptic com-
ponents 3 hr after plasticity induction. Furthermore, we observed
that the balanced enlargement of pre- and postsynaptic compo-
nents was a good indicator for the stabilization and persistence
of structural modifications.
RESULTS
Correlation of Spine Size and PSD Size
In our first experiments we investigated how well spine size and
PSD size correlate. Historically, the PSD has been described as
an electron dense darkening located just below the synapticNeuron 82, 430–4membrane on the postsynaptic side. It
has been interpreted and shown to be
due to the subsynaptic accumulation of
a multitude of different proteins involved
in synaptic transmission, plasticity, and
scaffolding. Postsynaptic proteins likePSD-95 have always been assumed to accurately represent
the location and function of the PSD. In order to get a more com-
plete—and perhaps more refined—picture of the structure and
the remodeling process of the PSD, we chose to have the PSD
‘‘represented’’ by two of its proteins, PSD-95 and Homer1c
(e.g., Blanpied et al., 2008; Petrini et al., 2009), which play
different functional roles in synaptic plasticity (e.g., Inoue et al.,
2007; Steiner et al., 2008). We therefore expressed tdTomato
as cytosolic marker and GFP-tagged PSD-95 or Homer1c as
reporter for the PSD in CA1 pyramidal cells of cultured hippo-
campal slices (Figure 1A). Overexpression of both fluorescently
tagged PSD-95 and Homer1c has been used already in various
studies, and extensive control experiments have been per-
formed. These showed no effects on synaptic structure, func-
tion, and plasticity or in the case of PSD-95 established the
strategy to restrict the analysis to spines of normal size, which
reduces the occluding effect of PSD-95 overexpression on LTP
to about 30% (Okabe et al., 2001; Petrini et al., 2009; Steiner
et al., 2008; Sturgill et al., 2009). We compared the size of spines
overexpressing these proteins to spines that only expressed
tdTomato. We only found a small increase of about 25% in
average spine size for PSD-95 (tdTomato + PSD-95, volume =
23 ± 2 [a.u.], n = 51 spines/13 cells; tdTomato alone, volume =
18 ± 1 [a.u.], n = 51 spines/10 cells; p = 0.014, Wilcoxon rank-
sum test; Figure 1B; compare approx. 3-fold increase in Niko-
nenko et al., 2008) and no increase for Homer1c (tdTomato +
Homer1c, volume = 16 ± 1, n = 50 spines/9 cells; tdTomato
alone, volume = 18 ± 1, n = 51 spines/10 cells; p = 0.122,
two-tailed t test; Figure 1B). This indicated that the overex-
pression of PSD-95 should not have a dramatic effect on spine
plasticity induction in our experiments, in particular because





Figure 2. Glutamate Uncaging-Induced Increase in Spine Volume and in the Amount of PSD Proteins
(A) Images of dendritic segment coexpressing tdTomato and PSD-95-EGFP before and after plasticity induction by glutamate uncaging at the spine marked with
the circle. Scale bar, 1.5 mm.
(B) Spine volume (red) and PSD-95 level (blue) increase in stimulated spine (filled circles) and not in unstimulated neighboring spine (open squares). Data are
normalized to prestimulation baseline.
(C and D) Same as in (A) and (B), but for Homer1c.
(E) Mean change in spine volume (red) and PSD-95 (blue) of stimulated spines (heavy traces) compared to control (thin traces) from 3 hr time-lapse recordings.
Heavy trace with open circles represents PSD-95 increase in stimulated spines relative to PSD-95 time course in control spines to account for ‘‘rundown.’’ Error
bars represent SEM.
(F) Same as in (E), but for Homer1c. Error bars represent SEM.
(legend continued on next page)
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Homer1c (Sala et al., 2001). Indeed, in control experiments we
did not find a difference in structural spine plasticity in neurons
expressing tdTomato alone or in combination with one of the
PSD proteins (Figure S3 available online).
We estimated the PSD protein content by subtracting the
cytosolic contribution (see the Experimental Procedures) and
found a significant correlation between spine size and PSD
size, both on the level of PSD-95 and Homer1c (PSD-95, R =
0.75; p < 0.001, n = 76 spines/17 cells; Homer1c, R = 0.86; p <
0.001, n = 76 spines/15 cells; Figure 1C). This confirms earlier
ultrastructural work (e.g., Arellano et al., 2007; Harris and Ste-
vens, 1989; Schikorski and Stevens, 1999) and demonstrates
that both GFP-tagged PSD-95 and Homer1c are good reporters
for PSD size.
Structural Plasticity of Spine and PSD
It is well established that not only synaptic strength but also the
size of synaptic structures—most notably spines—changes
during episodes of synaptic plasticity. This should then chal-
lenge the equilibrium between spine size and PSD size. To
explore whether and how well these structures correlate during
periods of synaptic plasticity, we performed time-lapse imaging
on single spines stimulated with focal two-photon glutamate un-
caging. This procedure has been shown previously to induce
spine enlargement and potentiation of AMPA-receptor-medi-
ated currents (e.g., Harvey and Svoboda, 2007; Matsuzaki
et al., 2004). Initially, we monitored spine size and PSD size for
1 hr after stimulation. In the examples shown in Figures 2A–2D,
the volume of the stimulated spines increased as expected.
This was accompanied by a small increase in PSD-95 and robust
increase in Homer1c signal. For analysis, we included only those
spines that displayed an average volume increase of at least
20% (1 SD of the volume fluctuation during baseline) in the
time bin around 1 hr (45–75 min) after stimulation (of all stimu-
lated spines with tdTomato alone, 86%; PSD-95, 55%; Hom-
er1c, 65%). Figures 2A–2D show the changes in stimulated
spines (filled circles) compared to neighboring unstimulated
spines (open squares). Because signaling molecules diffuse
from stimulated spines into the dendrite and can affect neigh-
boring spines (Harvey and Svoboda, 2007; Harvey et al., 2008),
we also performed separate control experiments in which we
imaged spines, where neither they nor their neighbors had
received glutamate stimulation. In these control experiments
we observed a small, but significant, ‘‘rundown’’ in PSD-95,
but not in Homer1c, signal (after 1 hr: PSD-95, 12% ± 3%,
n = 36 spines/9 cells, p = 6.6 3 104; Homer1c, 4% ± 6%, n =
33 spines/10 cells, p = 0.99; compare Zhang and Lisman,
2012). To account for this rundown, we evaluated the time
course of the PSD-95 signal in stimulated spines relative to the
time course of PSD-95 in control spines. In stimulated spines,
the PSD-95 signal increased slowly, 1 hr after stimulation it
was increased by 19% ± 4% (n = 37 spines/37 cells) compared(G) Mean correlation between PSD-95 (relative to control) and spine volume over
reduction compared to baseline, i.e., a ratio of ‘‘1’’ (p > 0.05, one-tailed t test). E
(H) Same as in (G), but for Homer1c. Error bars represent SEM.
See also Figures S2, S3, S4, and S5.to control (p = 8.4 3 104, Wilcoxon rank-sum test; data not
shown). An alternative—in our view less likely—interpretation
for the apparent increase in PSD-95 level in stimulated spines
compared to control spines would be that stimulation induces
a protection against PSD-95 rundown. One argument against
this interpretation is that spines with robust persistent enlarge-
ment showPSD-95 levels larger than their initial value (Figure S4).
Further data presented below support this interpretation. The
Homer1c signal increased rapidly within 20 min, and 1 hr after
stimulation it was increased by 44% ± 8% (n = 13 spines/13
cells; p = 2.7 3 104, one-tailed t test; data not shown). In both
cases, the increase was less than the increase in spine volume
(PSD-95, 19% ± 4% versus 63% ± 6%, n = 37 spines/37 cells;
p = 2.7 3 108, Wilcoxon rank-sum test; Homer1c, 44% ± 8%
versus 73% ± 11%, n = 13 spines/13 cells; p = 0.047, two-tailed
t test; data not shown). As indicated above, the PSD-95 signal
increase was significantly smaller than the increase in Homer1c
signal (p = 0.007, Wilcoxon rank-sum test), although the spine
size change was similar in both cases (p = 0.342, Wilcoxon
rank-sum test). This difference suggests that Homer1c and
PSD-95 represent different aspects of the PSD. Therefore,
although they represent the PSD well under baseline conditions,
in dynamic phases of the synapse such as during synaptic plas-
ticity they are differentially regulated.
To explore the extended time course of PSD-95 and Homer1c
and to monitor the stability of the changes in spine size and PSD
proteins, we performed further experiments lasting 3 hr after
plasticity induction. Over the 3 hr period after stimulation, the
average PSD-95 level continued to increase and reached
33% ± 8% (n = 17 spines/17 cells) compared to 15% ± 5% at
1 hr after stimulation in these experiments (n = 17 spines/17 cells;
p = 0.066, one-tailed t test) (Figure 2E). In contrast, Homer1c
level did not increase further and remained essentially un-
changed between 1 hr (51% ± 8%, n = 13 spines/13 cells) and
3 hr (39% ± 9%, n = 13 spines/13 cells; p = 0.773, two-tailed
t test) after stimulation (Figure 2F). Furthermore, the spine vol-
ume did not continue to increase from 1 to 3 hr after stimulation,
but rather displayed a small drop both in PSD-95 (from 61% ±
8%, to 45% ± 7%, n = 17 spines/17 cells; p = 0.060, two-tailed
t test; Figure 2E) and Homer1c experiments (from 76% ± 9% to
49% ± 11%, n = 13 spines/13 cells; p = 0.325, two-tailed t test;
Figure 2F). Thus, with PSD-95 further increasing, Homer1c
remaining unchanged, and spine volume dropping over 3 hr after
stimulation, PSD and spine size move closer to being balanced
at a larger overall size.
Correlation of Spine and PSD during Plasticity, and
Stabilization of Structural Changes
The analysis above showed that during structural plasticity both
spine size and PSD marker increase but with different time
courses. This is reflected in a transient drop in the correlation
between spine size and PSD marker after stimulation, which
recovers over time (Figures 2G and 2H). For PSD-95, thetime after spine stimulation. Arrowheads mark time points without a significant
rror bars represent SEM.
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Figure 3. Time Course of the PSD-Volume Relationship after Plasticity Induction in Individual Spines
(A) PSD-95 signal plotted against spine volume over time for individual spines. Circles mark the starting point before stimulation, and squares mark the endpoint
3 hr after stimulation. The timing of data points is indicated in the time line. Spines were sorted according to the magnitude of the final relative volume change in
descending order. For comparison, the gray area marks the PSD-95-spine volume relationship in naive, unstimulated spines (comp. Figure 1C). Note that the
scaling of axes is different between panels for better visibility of the data.
(B) Same as in (A), but for Homer1c.
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Structural Synaptic Plasticityreestablishment of the correlation with spine size takes longer
than with Homer1c. The first time point after stimulation at which
the correlation was not significantly lower than the original corre-
lation was the time bin of 115 min after stimulation for PSD-95
(pfirst = 0.39, one-tailed t test; Figure 2G) and the time bin of
35 min after stimulation for Homer1c (pfirst = 0.19, one-tailed
t test; Figure 2H).
Wewere also interested to see how the structural changes and
correlation develop over time at individual spines (Figure 3). In
most cases, the PSD-volume relationship displays, after stimula-
tion, a marked rightward shift along the volume axis away from
the unity line (dotted line) and then returns over time into the
gray-shaded area around the unity line, which marks the naive434 Neuron 82, 430–443, April 16, 2014 ª2014 Elsevier Inc.PSD-95 or Homer1c versus spine size distribution in unstimu-
lated spines (comp. Figure 1C). Interestingly, the reestablish-
ment of the PSD marker versus spine correlation in stimulated
spines occurred in one of twoways: either by balancing the spine
enlargement by a concomitant increase in PSD-marker over time
(PSD-95, e.g., spines #1–#5; Figure 3A; Homer1c, e.g., spines
#1, #4, #5, and #6; Figure 3B) or by effectively complete rever-
sion of the initial spine volume increase (PSD-95, e.g., spines
#7–#10; Figure 3A; Homer1c, e.g., spines #7 and #8; Figure 3B).
Thus, the persistence of the induced spine enlargement coin-
cides with a concomitant increase in the PSD marker. The route
to balancing of both structures advances only in few cases along
a more or less straight trajectory (PSD-95, e.g., spine #3 and #7;
A B
Figure 4. Time Course of PSD Size and Spine Volume Changes for Spines with and without Persistent Enlargement
(A) Top: volume change of spines with robust persistent enlargement (filled circles, final volume increase >40%, i.e., twice the criterion for enlargement) and
nonpersistent enlargement (open circles, final volume increase <20%). Four spines of the PSD-95 data set displayed a persistent, but only small, enlargement
(<40%) and were therefore excluded from this analysis. Middle: change in PSD-95 level for spines with robust persistent and nonpersistent enlargement. Stars
mark time points with significantly higher PSD-95 level in stabilizing versus nonstabilizing spines (p < 0.04, one-tailed t test). Bottom: correlation between PSD and
spine size.
(B) Same as in (A), but for Homer1c experiments. In the Homer1c data set in all cases of persistent enlargement, the increase was >40%.
Error bars represent SEM. See also Figures S4 and S5.
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Structural Synaptic PlasticityHomer1c, e.g., spine #1). In most cases the volume aswell as the
PSD-marker displayed considerable uncorrelated fluctuations
over short times. Most likely, these result from the different pro-
cesses underlying the structural rearrangement, which involve
only partially overlapping signaling cascades for spine volume
and, e.g., PSD-95 (Murakoshi and Yasuda, 2012).
Time Course of PSD Size and Spine Volume Changes for
Spines with and without Persistent Enlargement
We next analyzed whether there is a signature in the PSD-95
or Homer1c time course of whether the spine enlargement will
be stabilized. We sorted our data into two groups, depending
on whether the spine volume increase 3 hr after stimulation
was persistent and robust (final volume increase >40%, i.e.,
twice the criterion for enlargement) or nonpersistent (final volume
increase <20%; Figure 4). Both groups in both PSD-95 and
Homer1c experiments displayed a similar spine volume increaseimmediately after stimulation (Figures 4A and 4B, top panels).
The PSD-95 signal in both groups of spines dropped transiently
(Steiner et al., 2008) and then increased slowly (Figure 4A,
middle). At the time bin of 85 min, the PSD-95 signal in per-
sistently enlarged spines (closed circles, n = 8 spines/8 cells)
was for the first time significantly higher than in nonpersistently
enlarged spines (open circles, n = 4 spines/4 cells; Figure 4A,
middle, leftmost star; pfirst = 0.046, one-tailed t test). After
that, the PSD-95 signal continued to increase only in persistently
enlarged spines, whereas in nonpersistently enlarged spines,
it remained effectively unchanged. Interestingly, the time of
divergence in PSD-95 signal occurred around the same
time as the spine volume in nonpersistently enlarged spines
appeared to start to decline. The correlation time course of
PSD-95 signal over spine size appeared very similar in
both groups of spines (p > 0.12 at any time point; Figure 4A,




Figure 5. Electron Microscopy of Potentiated Spines Confirms PSD
Increase and Reveals Increase of Bouton Volume
(A) Dendritic segment with stimulated spine (arrow head) in two-photon images
before and after stimulation (top left; scale bar, 1.5 mm), EM reconstruction of
same segment (bottom left; stimulated spine is colored in red), and stimulated
spine and associated synapse on an EM section (right; scale bar, 0.1 mm).
(B) EM section of a control spine, which is similar in size (0.042 mm3) to the
estimated size of spine in (A) before stimulation (0.034 mm3), and its associated
synapse (scale same as in A, right).
(C) PSD area (left) and bouton volume (right) plotted versus spine volume for
stimulated spines 3 hr after stimulation (red) and control spines (blue). Line:
linear fit to control data passing through the origin. Circles and squares
represent spines in contact with single or multi-synapse boutons, respectively.
Filled and open circles represent persistently and nonpersistently enlarged
spines, respectively.
(D) Ratios of PSD over spine size and bouton over spine size. Circles: data for
individual spines. Bars: mean value of ratios (PSD area over spine size, stim-
ulated 1 hr, n = 5 spines/5 cells, stimulated 3 hr, n = 6 spines/6 cells, control, C,
n = 10 spines/3 cells; bouton over spine size, stimulated 1 hr, n = 5 spines/5
cells, stimulated 3 hr, n = 6 spines/6 cells, control, C, n = 11 spines/3 cells).
Error bars represent SEM.
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persistently and nonpersistently enlarged spines increased in a
fast manner within 20 min after stimulation and then remained
essentially elevated for a period of about 1 hr 25 min (Figure 4B,
middle). After that time, the Homer1c signals started to diverge:
in spines with persistent enlargement (n = 9 spines/9 cells), the
signal continued to increase slightly, whereas it decayed in
spines with nonpersistent enlargement (n = 3 spines/3 cells).
This difference became significant for the first time 2 hr and
10min after stimulation (pfirst = 0.037, one-tailed t test; Figure 4B,
middle, leftmost star). At the same time, the spine volume in
nonpersistently enlarged spines appeared to start its decline.
As observed with PSD-95, the correlation time course of the
Homer1c signal over spine size appeared very similar between
the two groups of spines (p > 0.064 at any time point; Figure 4B,
bottom). It is unlikely that the difference in the time course of the
Homer1c andPSD-95 signals is caused by differences in overex-
pression levels (Figure S5).
In summary, this suggests the following sequence of events:
glutamate stimulation results in a rather immediate spine
enlargement as has been shown before (e.g., Harvey and Svo-
boda, 2007; Matsuzaki et al., 2004). This structural change is
closely accompanied by an increase in the Homer1c content
and only later by an increase in PSD-95 content and only in
persistently enlarged spines. In nonpersistently increased
spines, the absence of this last step appears to mark the onset
of the decay of the volume enlargement, which is finally followed
by the reversion of the initial Homer1c increase.
Ultrastructure of Potentiated Spines
In the next set of experiments we analyzed stimulated spines
with electron microscopy (EM) to compare our light-microscopy
results on the plasticity and regulation of PSD-95 and Homer1c
with the PSD as it is seen in ultrastructural analysis. In addition,
this provided information about the corresponding presynaptic
boutons. After imaging stimulated spines for 3 hr or acquisition
of a number of baseline stacks from control spines in unstimu-
lated slices, we fixed the tissue and produced fiduciary markers
for electron microscopy by near-infrared branding (see the
Supplemental Experimental Procedures). We then used the
ultrastructural reconstructions of these synapses to determine
spine, PSD, and bouton size (Figures 5A–5D). Only stimulated
spines with a clear increase in spine volume (R69%, mean,
125% ± 20%, n = 6 spines/6 cells) were included in the analysis.
As expected from the time-lapse recordings with labeled PSD
proteins, these data show that 3 hr after stimulation, the relation-
ship between PSD and spine size is the same in stimulated and(E) Spine, PSD, and bouton size comparison between control and stimulated
spines. Circles: data for individual spines. Bars, mean ± SEM. For control
spines and spines 1 hr after stimulation, only those spines were chosen that
display a volume or estimated spine volume prior to stimulation, respectively,
in the range of the estimated spine volumes before stimulation of stimulated
spines 3 hr after stimulation (3 hr = stimulated spines 3 hr after stimulation, n =
6 spines/6 cells; 1 hr’ = selected stimulated spines 1 hr after stimulation, n = 4
spines/4 cells; C’ = selected control spines, n = 4 spines/2 cells; left columns of
spine volume data of 1 hr and 3 hr are estimated spine volume before stimu-
lation; stars indicate significant increase: * = p < 0.05, one-tailed t test; n.s. = no
significant increase, one-tailed t test).
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0.93 ± 0.09 mm1, n = 10 spines/3 cells, stimulated spines, 1.09 ±
0.19 mm1, n = 6 spines/6 cells; p = 0.620, two-tailed t test; Fig-
ures 5C, left, and 5D). To show that the maintenance of this rela-
tionship involved a PSD increase alongside spine enlargement,
we compared the recorded PSD size after stimulation to an esti-
mate of the PSD size before stimulation. To obtain this estimate,
first, we used the degree of spine enlargement recorded by two-
photon time-lapse imaging and the final spine volume obtained
by electron microscopy to calculate the spine size before stimu-
lation. Second, we assumed that control spines in this range of
volumes (0.032 mm3–0.053 mm3) are a good representation of
the spines before stimulation. We therefore used their PSD size
as an estimate for the PSD size in spines before stimulation. In
stimulated spines, the recorded PSD size is significantly larger
than the estimate of their PSD size before stimulation (before,
0.050 ± 0.010 mm2, n = 4 spines/2 cells; after, 0.096 ±
0.006 mm2, n = 6 spines/6 cells; p = 6 3 104, one-tailed t test;
Figure 5E). The shapes of PSDs vary and can be described as
(1) macular with aligned, continuous PSD profiles in adjacent
serial sections, (2) perforated with electron-lucent divisions on
adjacent sections, (3) irregular shaped with PSD profiles of irreg-
ular length on adjacent sections, or (4) segmented with separate
PSD patches (Sorra and Harris, 1998; Stewart et al., 2005).
Although the PSDs in unstimulated spines were mostly macular
(out of ten: eight macular, zero perforated, one irregular shaped,
and one segmented), in stimulated spines they displayed a
significant number of nonmacular appearances (out of six: two
macular, two perforated, two irregular shaped, and zero
segmented). This might indicate that the rearrangement of the
PSD is not fully completed 3 hr after stimulation.
We then analyzed boutons and the relationship of their size to
the associated spines. First, we found that some of the analyzed
spines (stimulated, 2 out of 6; control, 3 out of 11) had their
synapse with multisynapse boutons (MSBs; Shepherd and
Harris, 1998), which have synapses with more than one spine.
Compared to spines contacting single-synapse boutons, all
sister spines contacting a MSB displayed both, a similar PSD
versus spine size relationship, and a similar bouton/summed
spine size relationship (data not shown). This suggests that there
is effectively no structural interference between sister spines of
MSBs and that each spine contributes linearly to the MSB
volume. We therefore felt it was safe to pool the data from single
and multisynapse boutons. As for PSD and spine size, we found
that 3 hr after stimulation, the relationship between bouton and
spine volume is not different for stimulated and control spines
(mean ratio of bouton over spine volume, control spines,
2.22 ± 0.20, n = 11 spines/3 cells, stimulated spines, 1.84 ±
0.32, n = 6 spines/6 cells; p = 0.282, two-tailed t test) (Figures
5C, right, and 5D). We also compared the recorded bouton
size after stimulation with the estimate of bouton size before
stimulation obtained in a similar way as the estimate of PSD
size before stimulation described above. This showed that with
spine enlargement the bouton size also significantly increased
(before, 0.110 ± 0.010 mm3, n = 4 spines/2 cells; after, 0.162 ±
0.016 mm3, n = 6 spines/6 cells; p = 0.029, one-tailed t test)
(Figure 5E). Furthermore, the boutons in both control and stimu-
lated spines were densely packed with synaptic vesicles, sothat bouton enlargement at stimulated spines also implies an
increased number of synaptic vesicles.
In addition, we reconstructed the synapses at two spines
with nonpersistent enlargement 3 hr after stimulation. These
displayed similar PSD and bouton versus spine size relationships
(open red circles in Figure 5C) as control spines and persistently
increased spines (ratios of PSD over spine size, 0.620 and
1.058 mm1; ratios of bouton over spine volume, 2.58 and 1.91;
compare to Figure 5D). Thus, in both persistently and nonpersis-
tently enlarged spines, the final balance in size between synaptic
structures is always conserved.
To see if the slow increase in the PSD marker PSD-95 in
stimulated, persistently enlarged spines is reflected in the PSD
ultrastructure, we also reconstructed synapses associated with
stimulated spines at an intermediate time point, i.e., 1 hr after
stimulation. In this set of spines, the increase in volume was
R30% with a mean of 66% ± 15% (n = 5 spines/5 cells). As
expected from the PSD-95 data, we found in these spines a
deviation from the PSD versus spine size relationship observed
in control spines and spines 3 hr after stimulation (mean ratio
of PSD over spine volume, stimulated spines 1 hr, 0.65 ± 0.03,
n = 5 spines/5 cells; versus control spines, 0.93 ± 09 mm1, n =
10 spines/3 cells, p = 0.0219 versus stimulated spines 3 hr,
1.09 ± 0.19 mm1, n = 6 spines/6 cells; p = 0.0336; one-tailed
t test; Figure 5D). In other words, despite a larger spine, the
PSD size 1 hr after stimulation was not yet significantly increased
(estimate before, 0.050 ± 0.010 mm2, n = 4 spines/2 cells; after,
0.055 ± 0.007 mm2, n = 4 spines/4 cells; p = 0.29, one-tailed
t test; Figure 5E). The PSDs were mostly nonmacular (out of
five: one macular, zero perforated, three irregular shaped, and
one segmented).
These reconstructions also provided information about bou-
tons 1 hr after stimulation. In contrast to the PSD, we observed
a similar bouton versus spine size relationship as in control
spines and spines 3 hr after stimulation (mean ratio of bouton
over spine size, stimulated spines 1 hr, 1.66 ± 0.16, n = 5
spines/5 cells versus control spines, 2.22 ± 0.20, n = 11 spines /
3 cells, p = 0.117; versus stimulated spines, 1.84 ± 0.32, n = 6
spines / 6 cells; p = 0.281, two-tailed t test; Figure 5D). This
suggests that bouton enlargement occurs faster than PSD
enlargement. Indeed, although the mean bouton size was 1 hr
after stimulation slightly lower than 3 hr after, this difference
was not statistically significant (1 hr, 0.143± 0.009 mm2, n = 4
spines/4 cells; 3 hr, 0.162 ± 0.016 mm3, n = 6 spines/6 cells;
p = 0.015, one-tailed t test).
In conclusion, the ultrastructural analysis showed that spine
enlargement induced by glutamate uncaging is accompanied
by an increase in the PSD as expected from our time-lapse
analysis of PSD proteins and furthermore by an increase in pre-
synaptic bouton size.
Time Course of Structural Plasticity of the Presynaptic
Bouton
The ultra-structural analysis of potentiated spines and their
associated synapses suggests that structural bouton remodel-
ing follows spine enlargement faster than structural changes in
the PSD. To define the time course of presynaptic structural





Figure 6. Time Course of Presynaptic Bouton Enlargement
(A) Top: overlay of brightfield image of a cultured hippocampal slice and red
fluorescence from CA3 pyramidal cells labeled with Calcein red-orange.
Bottom: maximum projection of two-photon image stack of labeled axons and
boutons in the CA1 region.
(B) Time-lapse image sequence of the presynaptic bouton at a synapse
stimulated by two-photon glutamate uncaging (top; uncaging location, white
point) and time course of its volume (bottom).
(C) Mean change in volume of stimulated boutons (red) compared to un-
stimulated control boutons (black). Stars mark time points with a significant
increase (p < 0.05, one-tailed t test). Error bars, SEM.
(D) Mean volume time course of all stimulated boutons relative to the time
course in control boutons as in (C) (open circles) and distinguished into those
with enlargement (large filled circles, final volume increase >20%) and without
enlargement (small filled circles, final volume increase <20%). Error bars, SEM.
(E) The individual time courses for bouton enlargement show that the timing of
enlargement is variable among boutons. The volume change is indicated by a
color-code as specified in the legend. Boutons are sorted according to final
amplitude of enlargement in ascending order.
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(Figures 6A and 6B). We stimulated single synapses by focal
two-photon glutamate uncaging with the same protocol as
applied above. We selected asymmetric en passant boutons
and stimulated next to the side, which bulged out most from
the axon, assuming that their synapse and associated spine
are located there. Stimulation in that location was then expected
to induce rapid enlargement in the associated spine, together
with the concomitant structural changes in the bouton. Indeed,
we observed, in the example shown in Figure 6B, a bouton in-
crease of >50% about 120 min after stimulation. We acquired
4 hr time-lapse series instead of 3 hr as above, because some
stimulated boutons enlarged only later than 3 hr after stimulation.
On average, stimulated boutons increased slowly; the first signif-
icant increase compared to unstimulated control boutons
occurred 130 min after stimulation (Figure 6C). In unstimulated
control boutons, we also observed a small increase over time,
which is most likely due to continuing dye loading from the
CA3 somata into the long, thin axons. Figure 6D shows the vol-
ume time course in stimulated boutons relative to the reference
volume in unstimulated control boutons. Three hours after stim-
ulation, the average bouton enlargement was about 45%. If only
boutons were considered, which display an enlargement (7 out
of 10, final enlargement R20%), the enlargement was about
75% 3 hr after stimulation. These values were similar to those
on spine enlargement 3 hr after stimulation (see Figure 2E and
2F; Figures 4A and 4B, top). The comparison of individual time
courses of bouton enlargement after stimulation (Figure 6E)
showed a large degree of variability in the times of enlargement
among boutons. This might explain why the ultrastructural
reconstructions showed at 1 hr after stimulation a mean bouton
volume in between the estimate before stimulation and the data
at 3 hr after stimulation (Figures 3D and 3E) in contrast to the slow
average increase in bouton volume observed in the time lapse
recordings. Thus, after plasticity induction, structural changes
in presynaptic boutons are not occurring as rapidly as in spines
but rather with some delay and a time course comparable to the
time course observed for PSD-95.
DISCUSSION
Modifications in the strength of synapses are considered to be
the cellular basis for learning and memory. However, structural
remodeling of functionally modified synapses and the stabiliza-
tion of modifications for the preservation of memories remain
incompletely understood. What is clear is that the strength of
excitatory synapses in the hippocampus and cortex is tightly
correlated with their size (e.g., Matsuzaki et al., 2001; Murthy
et al., 2001; Nusser et al., 1998; Takumi et al., 1999). Moreover,
it is well established that the structural elements of these synap-
ses, such as bouton, active zone, postsynaptic density (PSD),
and spine, are interrelated with respect to their physical dimen-
sions (e.g., Arellano et al., 2007; Harris and Stevens, 1989; Schi-
korski and Stevens, 1999).
Using a combination of two-photon time-lapse imaging, gluta-
mate uncaging, and electron microscopy, we found that these
structural correlations are largely maintained even during synap-
tic plasticity and that they predict the stability of the synaptic
Figure 7. Model Illustrating the Sequence of Morphological
Changes and Their Stabilization during Structural Plasticity
Postsynaptic stimulation leads to spine enlargement, which is followed by an
increase in Homer1c content. If subsequently PSD (as judged by electron
microscopy, PSD [EM]), PSD-95 content, and presynaptic bouton also
increase in size such that the morphological correlations are reestablished,
then the synaptic structures become stabilized. However, if one or more of the
other subsynaptic structures fail to increase, then the morphological correla-
tions are reestablished by decay of the spine enlargement and the synapse
returns to its initial size.
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enlargement, the amount of the PSD scaffolding protein Hom-
er1c increased almost immediately, whereas the amount of
PSD-95 increased with a delay of more than 1 hr. In spines in
which the enlargement was stable over 3 hr, PSD-95 and Hom-
er1c levels also increased; conversely, if the spine enlargement
did not stabilize, but instead decayed, then PSD-95 and Hom-
er1c levels also decayed or remained close to their prestimulus
level. Likewise, at spines with stable enlargement the ultrastruc-
ture of synapses showed matching dimensions of spine, PSD,
and bouton 3 hr after stimulation. One hour after stimulation,
the PSD was not yet increased. Although the EM analysis of
boutons demonstrated a clear-cut increase after 1 hr, time-lapse
analysis showed that the increase occurs slowly and with a
somewhat variable time course. The results suggest a model in
which stable plasticity induction at a single synapse involves
not only spine enlargement but also correlated increases in
PSD and presynaptic bouton.
Structural Synaptic Plasticity
The first evidence for a connection between functional and struc-
tural synaptic plasticity was provided by electron microscopy
performed after induction of LTP (reviewed, e.g., in Yuste and
Bonhoeffer, 2001). It was shown for example in the dentate gyrus
that LTP is sometimes accompanied by an increase in the
average size of synapses, involving spine (Desmond and Levy,
1983; Van Harreveld and Fifkova, 1975), PSD (Desmond and
Levy, 1986), and the pre- and postsynaptic contact area (Des-
mond and Levy, 1988). However, these results remained incon-
clusive and could not be replicated in other preparations (e.g.,
Sorra and Harris, 1998). The first longitudinal studies using
two-photonmicroscopy showed that LTP induction indeed gives
rise to the formation of new spines (Engert and Bonhoeffer, 1999;
Maletic-Savatic et al., 1999). More recently, time-lapse imaging
combined with focal stimulation of single spines by two-photon
glutamate uncaging showed that functional potentiation of pre-
existing spines is accompanied by spine enlargement and that
there is a tight correlation between the increase in glutamate
sensitivity and spine head volume (Harvey and Svoboda, 2007;
Matsuzaki et al., 2004). Here, we extended the analysis of struc-tural plasticity at the level of individual, stimulated spines to the
PSD and presynaptic bouton. Our results confirm that PSD
and bouton associated with a potentiated spine also undergo
structural modifications and increase in size. Previously, two
studies at the level of single potentiated spines reported that
the amount of PSD-95, which is one of the major scaffolding
proteins of the PSD, is not increased in enlarged spines by
30 min after stimulation, in contrast with the expectation (Steiner
et al., 2008; Sturgill et al., 2009). Our results are in line with this
observation as we also found effectively no change in PSD-95
and the PSD early after plasticity induction. However, a little
later, within about 3 hr, we observed a clear increase in the
amount of PSD-95 protein that matched the increase in PSD
and spine size.
In addition to PSD-95, we explored the dynamics of Homer1c
(PSD-Zip45) after plasticity induction, which is another structural
protein of the PSD (e.g., Sheng and Hoogenraad, 2007). In
contrast to PSD-95, the amount of Homer1c increased much
faster, within 20 min after plasticity induction, and then remained
elevated over the studied time frame in spines with stable
enlargement. Because the PSD as such is a complex of multiple
proteins, the time course of enlargement of the PSD as a whole
and the rearrangement of its individual protein constituents do
not necessarily have to match. Indeed, the early increase in
Homer1c content is not reflected in the ultrastructural appear-
ance of the PSD. The difference between PSD-95 and Homer1c
may be explained by (1) the lower rate of redistribution among
synapses of PSD-95 compared to Homer1c (Kuriu et al., 2006)
prior to protein synthesis (Fonseca et al., 2004), (2) their different
positions within the PSD, where PSD-95 is found at the mem-
brane face and Homer1c at the cytoplasmic face (Petralia
et al., 2005; Valtschanoff and Weinberg, 2001), (3) interactions
with different binding partners and the strength of these inter-
actions (Kuriu et al., 2006), and (4) different signaling functions
in the PSD (e.g., Inoue et al., 2007; Steiner et al., 2008). Neverthe-
less, upon completion of PSD rearrangement, one would expect
that by addition of appropriate numbers of protein copies the
steady-state composition of the PSD is reestablished as our
results suggest. Interestingly, the ultrastructure of PSDs by
3 hr after stimulation still showed a higher incidence of perfora-
tions and other structural irregularities compared to control
PSDs, which might indicate ongoing PSD rearrangement (re-
viewed, e.g., in Marrone and Petit, 2002).
Our ultrastructural data suggest that structural modifications
of the presynaptic bouton precede the increase of the PSD while
time-lapse analysis shows on average a time course comparable
to the one for PSD-95. This discrepancy might be explained by
considerable variability in the times of bouton increase among
stimulated synapses. In any case, bouton modifications occur
slowly compared to the rapid enlargement of stimulated spines.
The delay between rapid spine enlargement, which is driven
by actin polymerization (Honkura et al., 2008; Matsuzaki et al.,
2004), and the increase in Homer1c and PSD-95 after plasticity
induction may be explained by the different turnover rates of
F-actin, Homer1c and PSD-95 in spines. The reported FRAP
time constants are tens of seconds for actin versus several
minutes for Homer1c and several tens of minutes for PSD-95
(Kuriu et al., 2006; Star et al., 2002). A similar delay was reportedNeuron 82, 430–443, April 16, 2014 ª2014 Elsevier Inc. 439
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(e.g., Okabe et al., 2001). Our observation, that Homer1c content
is more tightly coupled to spine size than PSD-95 fits well with
the reported dependence of Homer1c dynamics on an intact
actin cytoskeleton in contrast to PSD-95 (Kuriu et al., 2006).
One might speculate, that during spine growth and structural
plasticity, Homer1c has a role in coupling spine cytoskeleton
and PSD remodeling: Together with Shank it forms a polymeric
network structure (Hayashi et al., 2009), the size of which
appears to be coupled to the size of the spine cytoskeleton
(Kuriu et al., 2006 and our observations), and which serves a
structural template for the incorporation of other PSD proteins.
PSD-95 on the other hand is involved in the maintenance of
the structural integrity of the PSD and anchoring of receptors
and cell adhesion molecules in the PSD (Sturgill et al., 2009).
Bouton modifications are expected to follow spine enlargement
with a slower time course since postsynaptic structural modifi-
cations are conveyed to the presynapse most likely by recruit-
ment of additional cell adhesion molecules (Dalva et al., 2007).
However, although cell adhesions molecules interact with PSD
proteins, this does, of course, not automatically mean that ultra-
structural changes in bouton and PSD are tightly coupled, as
signaling can be slow andmolecular changes are not necessarily
always translated into ultrastructural alterations. Furthermore,
bouton enlargement might require material provided by trans-
port vesicles (Shapira et al., 2003) such that the times of passage
of transport vesicles might determine the times of bouton
enlargement. This could explain the observed variability in the
times of bouton enlargement among stimulated synapses.
Correlated Plasticity
Based on the correlation between synaptic structures (e.g.,
Arellano et al., 2007; Harris and Stevens, 1989; Schikorski and
Stevens, 1999), it has been suggested that during plasticity,
these structures would be modified in concert (e.g., Lisman
and Raghavachari, 2006). The early electron microscopy
studies, which found structural changes after LTP induction,
did not analyze correlations between pre- and postsynaptic
structures. At the single synapse level, only the correlation
between spine size and glutamate sensitivity has been studied
(Harvey and Svoboda, 2007; Matsuzaki et al., 2004). Here, we
show that structural plasticity on both sides of the synapse is
indeed correlated as spine head, PSD, and bouton display a
similar magnitude of enlargement once the modifications
become stabilized. Similar to structural correlations, the ratio
of AMPA- and NMDA-type receptor currents is fairly constant
across synapses, and it also has been shown that this ratio is
maintained after LTP induction by balancing of the rapid increase
in AMPA current with a delayed rise of the NMDA component
(Watt et al., 2004).
The correlation of structural plasticity in different synaptic
structures suggests a coordination of the underlying processes,
most likely arising from interaction between the associated
synaptic proteins. Several candidates have been already identi-
fied (see also summary in Figure S6). In the postsynaptic
compartment, spine enlargement during potentiation is based
on actin polymerization (e.g., Honkura et al., 2008; Okamoto
et al., 2004) and the actin cytoskeleton drives changes in PSD440 Neuron 82, 430–443, April 16, 2014 ª2014 Elsevier Inc.morphology (e.g., Blanpied et al., 2008). Actin is linked via
Cortactin to the PSD scaffolding protein Shank, which in turn
binds directly to Homer and via GKAP to PSD-95 (reviewed in
Hering and Sheng, 2001). Moreover, Cortactin interacts with
Arp2/3, an actin nucleation factor, which positively regulates
actin polymerization (Weed et al., 2000), and PSD-95, for
example, interacts with the actin-regulating protein kalirin-7
(Xie et al., 2007).
Cell-adhesion molecules link the pre- and postsynapse and
might provide the transsynaptic signal, which coordinates pre-
and postsynaptic structural plasticity (reviewed e.g., in Dalva
et al., 2007). N-cadherin, Neuroligin, ephrins, and other mole-
cules capable of transsynaptic adhesion/signaling have been
implicated in synaptic plasticity (Futai et al., 2007; Grunwald
et al., 2004; Mendez et al., 2010; Regalado et al., 2006), and all
these molecules could serve to orchestrate and synchronize
pre- and postsynaptic changes. And just as the postsynaptic
adhesion molecules interact with postsynaptic structural pro-
teins, so do presynaptic cell adhesion molecules interact with
presynaptic structural and scaffolding proteins (Gundelfinger
and Fejtova, 2012). However, in contrast to the rearrangement
of postsynaptic structures during synaptic long-term plasticity,
at this point much less is known about such processes on the
presynaptic side (Gundelfinger and Fejtova, 2012).
Stabilization of Structural Modifications
The establishment and stabilization of functional LTP proceeds
in distinct phases (reviewed, e.g., in Malenka and Bear, 2004;
Redondo and Morris, 2011): early or E-LTP induction at single
spines was reported to produce only transient spine enlarge-
ment, which decayed after 1 hr, and late or L-LTP induction
produced spine enlargement lasting for more than 4 hr (Govin-
darajan et al., 2011; but see Tanaka et al., 2008). We observe
similar time courses for transiently and persistently enlarged
spines. The rise in Homer1c signal occurs soon after stimulation
in both transiently and persistently enlarged spines and thus
appears to fall into the phase of E-LTP. The amount of PSD-95
rises only in persistently enlarged spines, and this appears to
start around the time corresponding to the transition from
E-LTP to L-LTP. This suggests that the (re-)establishment of
the correlation between spine, PSD, and bouton approximately
3 hr after stimulation is a hallmark of persistent synapse enlarge-
ment and thus L-LTP.
Structural changes have been suggested to be a signature of
LTP maintenance (Abraham and Williams, 2003), and a range of
structural and scaffolding proteins, as well as cell-adhesion
molecules, has been implicated in the stabilization of LTP and
structural synaptic plasticity. Regarding functional potentiation,
for example, actin, as determinant of spine size, PSD-95 as
component of the PSD, and integrins and cadherins as candi-
dates for structural transsynaptic signaling, were all reported to
play an important role in LTP stabilization (Bozdagi et al., 2000;
Ehrlich et al., 2007; Krama´r et al., 2006; Krucker et al., 2000).
Regarding structural plasticity, at the level of individual spines
it has been shown that e.g., actin, PSD-95, the glutamate recep-
tor subunit GluR1 and cadherins are involved in the stabilization
of spine plasticity (Bozdagi et al., 2010; Ehrlich et al., 2007; Hon-
kura et al., 2008; Kopec et al., 2007; Mendez et al., 2010).
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changes directly, taken together, the individual examples sug-
gest that coordinated structural plasticity is an important
component in determining synaptic stability.
Structural Correlations and Synapse Stability
Our finding that correlated changes in synaptic components are
a good predictor for their persistence suggests that the correla-
tion of synaptic structures may play a pivotal role in synapse
stability. In this respect, it is interesting to note that the lifetime
of a spine can be several orders of magnitude greater than its
most stable constituent molecules (Kasai et al., 2010). The
mechanisms ensuring synapse stability in view of protein turn-
over are still poorly understood (compare, e.g., Kopec et al.,
2007; Okabe, 2012). One possibility is that structural com-
ponents serve to achieve this stability. It has, for instance,
been suggested that the organized lattice formed by scaffolding
proteins in the PSD (Chen et al., 2008) may underlie its structural
integrity (Sturgill et al., 2009). This might be extended to the
synapse as a whole, with the PSD lattice being linked both to
the underlying postsynaptic cytoskeleton and via cell-adhesion
molecules to the structural lattice of the active zone, which in
turn is anchored with the presynaptic cytoskeleton (Benson
and Huntley, 2012; Gundelfinger and Fejtova, 2012). The pre-
and postsynaptic specialization might thus be considered as
an extensive supramolecular complex, where correlations of
structural size arise from the mutual stabilization of structural
proteins (e.g., Kopec et al., 2007). In such a supramolecular
complex, the multitude and redundancy of interactions could
provide overall structural stability despite stochastic turnover
of the constituting proteins.
EXPERIMENTAL PROCEDURES
DNAConstructs, Hippocampal SliceCultures, Transfection, andDye
Labeling
All experimental procedures were carried out in compliance with the insti-
tutional guidelines of the Max Planck Society and the local government
(Regierung von Oberbayern). In organotypic rat hippocampal slice
cultures CA1 pyramidal cells were biolistically transfected either with
tdTomato alone or in combination with PSD-95-EGFP or EGFP-Homer1c or
with EGFP alone at 4 DIV and used for experiments between DIV 7-20.
Boutons of CA3 neurons were labeled by injecting 0.5 mM calcein red-orange
AM in HEPES-buffered ACSF (in mM: 118.5 NaCl, 2.5 KCl, 2 NaHCO3, 1.25
NaH2PO4, 4 CaCl2, 25 D-glucose, and 40HEPES) into CA3 stratum pyramidale
(Becker et al., 2008).
Two-Photon Imaging and Glutamate Uncaging
Experiments were carried out at 35C in ACSF (in mM: 127 NaCl, 2.5 KCl, 15
NaHCO3, 1.25 NaH2PO4, 4 CaCl2, 25 D-glucose, and 20 sucrose; in mM: 1
TTX, 10 D-serine; pH 7.4; saturated with carbogen) on a custom two-photon
laser-scanning microscope. MNI-caged L-glutamate was either applied in
the bath solution at 2.5 mM or by puff application (12 mM in HEPES-buffered
ACSF with the following in mM: 1 TTX, 10 D-serine; pH 7.4). Uncaging protocol:
30 pulses at 0.5 Hz, 4ms pulse duration, 20–80mWat the objective back aper-
ture (depending on depth in the slice). Baseline images were taken every 2 min
for 14 min. Then caged glutamate was applied in case of puff application, and
after 1 min uncaging was performed close to the spine to be stimulated. Within
30 s after stimulation, an image was taken, and another image was taken 60 s
after. Then images were taken every 5 min for 1 hr, and then—in the case of
experiments over 3 hr—images were taken every 10 min until the end of the
experiment. Slices for electron microscopy analysis were transferred immedi-ately after the last acquisition into fixative (see the Supplemental Experimental
Procedures).
Image Analysis
Spine volume (tdTomato fluorescence) and amount of PSD protein (EGFP
fluorescence) were determined as peak fluorescence in median-filtered
maximum projections and corrected for background noise. The contribution
of the cytosolic protein fraction to the spine PSD-95/Homer1c signal was
estimated from the dendrite, assuming all protein in the dendrite is cytosolic
(see the Supplemental Experimental Procedures). For comparison of spine
size between neurons expressing different constructs, spine fluorescence was
normalized to peak fluorescence in a neighboring thick dendritic segment (Fig-
ure 1B). For comparisonof the spine size versusPSDmarker relationship across
neurons, we normalized the parameters of individual spines on a given dendritic
segment to their mean across all spines on that segment (Figures 1C and 3).
Data Analysis
Data were analyzed with custom routines written in MATLAB (version R2010a,
MathWorks). Data are presented as mean ± SEM. Statistical comparisons
were performed with two-sample one- or two-tailed Student’s t test for
normally distributed data and with Wilcoxon signed-rank test or Wilcoxon-
Mann-Whitney test for not normally distributed data as indicated. We applied
one-tailed tests to examine the hypotheses ‘‘not increased’’ versus
‘‘increased’’ or ‘‘not decreased’’ versus ‘‘decreased.’’ This was based on the
fact that naive correlations in Figures 1 and 5 and published data (e.g., Arellano
et al., 2007; Harris and Stevens, 1989; Schikorski and Stevens, 1999) let
us expect that protein content, PSD, and bouton size increase with spine
enlargement. The ratio of these parameters over spine size transiently
should then decrease. Data were tested for normality using the two-sided Sha-
piro-Wilk test for platykurtic samples and the Shapiro Francia test for lepto-
kurtic samples (http://www.mathworks.com/matlabcentral/fileexchange/
13964-shapiro-wilk-and-shapiro-francia-normality-tests/content/swtest.m).
In addition, we have performed statistical analysis with bootstrapping the dis-
tributions of mean differences 10,000 times. This yielded the same results as
the t test. n = number of spines/number of cells.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.neuron.2014.02.031.
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